Neonatal feeding has been traditionally understudied so guidelines and evidence-based support for common feeding practices are limited. A major contributing factor to the paucity of evidence-based practice in this area has been the lack of simple-to-use, low-cost tools for monitoring sucking performance. We describe new methods for quantifying neonatal sucking performance that hold significant clinical and research promise. We present early results from an ongoing study investigating neonatal sucking as a marker of risk for adverse neurodevelopmental outcomes. We include quantitative measures of sucking performance to better understand how movement variability evolves during skill acquisition. Results showed the coefficient of variation of suck duration was significantly different between preterm neonates at high risk for developmental concerns (HRPT) and preterm neonates at low risk for developmental concerns (LRPT). For HRPT, results indicated the coefficient of variation of suck smoothness increased from initial feeding to discharge and remained significantly greater than healthy full-term newborns (FT) at discharge. There was no significant difference in our measures between FT and LRPT at discharge. Our findings highlight the need to include neonatal sucking assessment as part of routine clinical care in order to capture the relative risk of adverse neurodevelopmental outcomes at discharge.
Learning Outcomes: As a result of this activity, the reader will be able to (1) summarize the literature suggesting early sucking as a predictor of neurodevelopmental outcomes in preterm neonates; (2) discuss the limitations of previous findings and how they are overcome in the current study; and (3) explain neonatal sucking in the context of dynamical systems theory.
Neonatal feeding has been described as the most precocious and complex behavior of the newborn and requires integration of physiologic function and neurobehavioral ability. [1] [2] [3] Safe and efficient feeding is necessary to provide essential nutrients for neonatal brain development, the importance of which is underscored by the fact that independent oral feeding is a final criteria of hospital discharge for preterm and sick full-term newborns. 4 At the same time, neonatal feeding has been traditionally understudied so guidelines and evidence-based support for common feeding practices are limited. 5 A major contributing factor to the paucity of evidence-based practice in this area has been the lack of simple-to-use, low-cost tools for monitoring sucking performance. 6 In this article, we describe new methods for quantifying neonatal sucking performance that have the potential to support crib-side visual assessment of sucking, help caregivers interpret their neonates' feeding cues, and serve as valuable resource for studying a myriad of important research questions surrounding neonatal feeding. The approach we describe leverages several significant technological advances to inform and advance neonatal feeding practice. To illustrate the utility of this approach, we present early results from our ongoing study investigating early sucking as a marker for later neurodevelopmental outcomes.
The survival of preterm neonates has increased markedly in the last decade due to advances in technology and neonatal care. 7 Despite these medical advances, the risk of poor neurobehavioral functioning is common. 8 Consequently, early identification of neonates at risk for adverse neurodevelopmental outcomes is crucial to enable prevention or treatment during infancy, when neuroplasticity mechanisms are thought to be greatest. 9, 10 Scientists studying the maturational sequence of newborn feeding have theorized that early nutritive sucking skills may be an early marker of overall central nervous system integrity, 1 and as such, a potential predictor of neurodevelopmental outcomes. [11] [12] [13] Indeed, the literature suggests a strong relationship between early nutritive sucking and neurodevelopmental outcomes early on. For example, Medoff-Cooper et al investigated the relationship between early nutritive sucking patterns of preterm neonates and neurodevelopmental outcomes in the first year of life. The study population included early and moderate preterm neonates. Newborns received a 5-minute sucking test at 34 and 40 weeks' postmenstrual age (PMA) and developmental outcomes were measured at 6 and 12 months' corrected age using the Bayley Scales of Infant Development (BSID). 13 Sucking performance was quantified using a prototype sucking apparatus fitted with an adapted nipple. Results indicated that sucking parameters (number of sucks, sucks per burst, mean sucking pressure peaks, and suck maturity index) at 40 weeks' PMA were significant predictors of developmental status at 1 year.
Observational scale data also suggest a relationship between early sucking and relative risk of developmental concerns. In a study by Tsai et al, the Neonatal Oral Motor Assessment Scale (NOMAS), a 28-item observational scale, was used to characterize sucking patterns in preterm neonates.
14 Participants included early preterm, moderate preterm, and late preterm neonates. The first 2 minutes of nutritive sucking were video-recorded weekly from initiation of oral feeding until discharge and then the videos were reviewed by NOMAS-certified assessors. Based on those results, the neonates were assigned to one of two groups: normal sucking pattern (by 37 weeks) or persistent disorganized sucking pattern (after 37 weeks). At 6 and 12 months' corrected age, the BSID was administered to determine developmental status. Results suggested that the risk for developmental delay was significantly greater in those newborns classified as having a persistent disorganized sucking pattern. A similar trend was noted at 12 months; however, the results were not statistically significant.
Earlysuckinghasalsobeenshowntorelate to neurodevelopmental outcomes at later ages. For example, Mizuno and Ueda investigated whether neonatal feeding performance would predict neurodevelopmental outcomes at 18 months. 1 Subjects included a mix of late preterm and term neonates. Nipples were modified to measure the suction and expression components of nutritive sucking. Adverse events during feeding were noted; however, feedings were not stopped followingadesaturationorbradycardicevent.Visual inspectionofcompression-expressionwaveforms was used to classify feeding performance from immature to mature. Neurodevelopmental status at 18 months was determined using the BSID. Results indicated a significant correlation between feeding pattern and neurodevelopmental outcomes; more mature feeding patterns at2 weeksafterinitial oral feeding were associated with better neurodevelopmental outcomes.
Wolthuis-Stigter and colleagues reported evidence that the status of sucking behavior as late as 6 weeks after birth is associated with developmental concerns at 2 years of age. The researchers investigated the association between specific elements of sucking and neurodevelopmental outcomes. The study population included very early, early, moderate, and late preterm neonates. Nutritive sucking behavior was assessed using the NOMAS. NOMAS scores were collected at two times: weekly between 37 and 40 weeks' PMA and every 2 weeks between 40 and 50 weeks' PMA. 15 The Dutch version of the BSID was completed at 27 months' corrected age. Results showed that atypical sucking performance at 4 to 6 weeks post-term was positively correlated with poor neurodevelopmental outcomes in preterm neonates at 2 years of age.
The relationship between early sucking and neurodevelopment has also been documented in children as old as 3 years. In a study reported by Hiramoto and colleagues, a questionnaire focused on sucking behavior was administered to mothers of children during routine 18-month and/or 3-year-old child health checkups. No demographic data detailing the characteristics of the sample were provided. Public health nurses completed an assessment of ageappropriate developmental milestones adapted from the Enjoji Scale of Infant Analytical Development. 16 Based on screening results, subjects were categorized as either typically developing (pass) or possible developmental delay (fail). Odds ratios were used to calculate the likelihood for questionnaire items to associate with developmental delay. Results indicated that the lack of a smooth suck-and-rest pattern during feeding, as reported by parents, was associated with significantly higher likelihood of being labeled developmental delayed at both 18 months and 3 years.
Taken together, these studies provide strong evidence that early sucking is a reflection of the overall integrity of the central nervous system, and as such, may be a behavioral marker for risk of poor neurodevelopment outcomes from as early as 6 months to 3 years. However, the methods reported have some important limitations. First, the use of the NOMAS as the sole measures of sucking integrity is limiting, 14, 15 because it requires specialty certification, it is subjective, and the interrater reliability has been shown to vary significantly from rater to rater. 17 The use of modified nipples to quantify sucking characteristics is also considered a limitation. 1 Modifying a nipple could in fact alter critical sensory aspects of sucking for neonates and potentially confound findings. Also of importance is the fact that several reported studies have analyzed sucking performance using a specific time frame in the feeding (e.g., first 5 minutes). Yet the feeding experience of premature neonates varies from moment to moment so summary statistics from a limited time in the feeding could potentially miss important clinical and predictive information. 18 Moreover, in most cases, studies did not include healthy full-term newborns as a comparison population, which we believe is clinically valuable to provide context for results and interpretation of findings. Finally, multiple observations of sucking performance are necessary to consider the ways in which the behavior changes as a function of maturation and experience.
The purpose of the current study was twofold: (1) compare metrics of sucking performance between preterm neonates and healthy term neonates at initiation of feeding and at discharge and (2) investigate changes in sucking performance longitudinally among preterm neonates from initiation of oral feeding through post discharge. Our methods for collecting sucking data address the limitations of previous approaches. Here, we relied on automated analyses of elements of sucking to provide a set of summary statistics. Moreover, our present methodology uses a scalable and noninvasive tool to measure important sucking parameters throughout the course of a feeding so no modification of nipples was required and the moment to moment variability characterizing neonatal sucking was captured.
METHODS

Participants
Two groups of newborns were recruited for participation: healthy full-term neonates (FT; n ¼ 15) defined as >37 weeks' gestational age, with appropriate weight for gestational age, and healthy preterm neonates (PT; n ¼ 40) with appropriate weight for gestational age (Table 1) . Neonates in the FT group met the inclusion criteria for no anomalies or diseases known to interfere with feeding (e.g., cleft lip and/or palate). PT neonates met the following inclusion criteria: no anomalies or diseases known to interfere with feeding, no congenital disorders, chromosomal abnormalities, or major congenital anomalies, no disorders secondary to known perinatal exposure to toxic substances, and no history of intraventricular hemorrhage greater than grade II. Preterm neonates could have a diagnosis of respiratory distress syndrome but could not be ventilated for a prolonged period of time. Participants were recruited from Kentucky Children's Hospital, a 70-bed level IV NICU. The study was approved by the Institutional Review Board of the University of Kentucky where the study was performed.
Measures nfant Feeding Solution (NFANT Labs, Atlanta, Georgia, United States) was used to collect nutritive sucking data and determine our sucking variables of interest (Fig. 1) . nfant Feeding Solution consists of a disposable nfant Coupling that connects a bottle to a standard nipple or pacifier. The nfant SSB Sensor connects to the coupling and noninvasively measures nipple movement. Data are streamed from the sensor to a mobile tablet, and nipple movement is displayed in real time on the nfant Mobile App. Following a feeding, data were stored in the nfant Cloud Database for later analyses. Signal processing of nipple movement included a 1-second rolling minimum baseline shift and outlier suck peak removal to account for any movement artifact. Amplitudes were then normalized to the maximum peak observed (0 to100%).
Recently, Tamilia and colleagues described the importance of including analyses of quantitative measures of sucking performance more characteristic of sucking in the context of dynamical systems theory. 19, 20 For example, previous researchers have limited findings to sucking parameters such as number of sucks, sucks per burst, and mean sucking pressure peaks, among others. 13 In contrast, Tamilia and colleagues introduced variables calculated across each sucking burst to reflect sucking stability versus variability. Because variability contains important information about human movement in general, 21 a shift in focus to metrics of coordinated movement could be particularly important in investigations of early sucking as a potential marker of later neurodevelopment. Therefore, for this study, algorithms to identify key features and metrics describing the suck pattern, consistent with Tamilia et al, 20 were developed, and all analyses were performed using custom software (Matlab 2013a, Mathworks, Natick, Massachusetts, United States). Our primary measures of interest focused on movement variability of the nipple during sucking (Fig. 2) . Variability was assessed using the coefficient of variation (COV; i.e., standard deviation divided by the mean) for four distinct suck metrics: suck peak amplitude (COV PKA ), duration (COV D ), frequency (COV F i.e., 1/suck period), and smoothness (COV SM ). Summarized here but best described in previous literature, 19, 22 smoothness is a measure of motor performance that is derived from the speed profile of the movement signal and indicates the amount of oscillations within a suck where the fewer the oscillations, the "smoother" the movement.
Procedures
Once subjects were declared medically stable and ready to begin oral feeding, nurse researchers checked daily notes to determine readiness to begin data collection. Data collection for FT neonates took place within 2 weeks of birth. PT neonates entered the protocol when they showed evidence of sustained bottle-feeding (1 to 2 feedings per day). Measures of interest were collected at three times during the hospital stay: when newborns were taking 1 to 2 feedings per day (evidence of sustained bottle-feeding), when they were taking 4 to 6 oral feedings per day (established bottle-feeding) and at discharge when they were taking all feedings orally. 23 Measures were collected within 24 to 36 hours of being notified that a neonate had met the respective criteria for each time period. Specific feeding instructions as ordered by the attending physician were maintained and recorded. Neonatal cue-based feeding procedures were followed so that the feeding was stopped according to the cues of the neonate and/or after 30 minutes. 24 In all cases, data collection was scheduled so as not to interfere with breastfeeding. Each session began with 1 minute of nonnutritive sucking followed by nutritive sucking in their typical feeding position (e.g., held by caregiver). Data were collected for the entire feeding. For the purposes of this article, only the nutritive sucking results are reported and used in analyses.
To meet the aims of the study, neonates were stratified into three groups (Table 2) . Neonates in group 1 were preterm but were not considered high risk for developmental concerns (LRPT subjects) and so were released to their primary care physician and/or pediatrician after discharge. Neonates in group 2 were also preterm but considered at risk for developmental concerns (HRPT subjects) based on criteria established by our outpatient followup clinic, including but not limited to gestational age and birth weight. These newborns were released to a multidisciplinary follow-up team with expertise in preterm neonatal care. Group 3 was comprised of healthy, full-term (FT) newborns. HRPT neonates were seen at QUANTIFYING NEONATAL SUCKING PERFORMANCE/CAPILOUTO ET AL critical developmental times including 1, 3, and 6 months' corrected age. The BSID is administered at 1 and 2 years' corrected age and then again at 3 years' chronological age. (Note: At the time of this reporting, only five of our study neonates had reached the age for administration of their 1-year BSID so these data are not reported.)
Statistical Analyses
Sample population characteristics were analyzed using univariate analyses of variance. A least squares difference post hoc analysis was performed for metrics with a < 0.05. Measures of interest were calculated for the initial exam and discharge exam for HRPT and LRPT. Additionally, for the HRPT, measures were calculated for their follow-up exams. For FT subjects, only the discharge exam was used in analyses because there was only one feeding session for term babies prior to discharge. A mixed analysis of variance was performed between groups comparing exam times. Paired t-tests were used within HRPT and LRPT to determine changes in metrics within each group between exam times and unpaired t-tests between groups. Significance for all analyses was set a priori at p < 0.05. One FT subject was removed from analysis due to low-quality Figure 2 Suck pattern excerpt from a representative full-term subject. Points indicate the start, end, and peak of the suck events, generated from the custom suck algorithm employed in this study. Indicated suck features are used to generate metrics for analyses.
signal, leaving 14 FT, 28 HRPT, and 12 LRPT subjects for analysis (Table 2) .
RESULTS
Results from analyses of sample population characteristics were as expected. Preliminary analyses indicated significant differences in mean gestational age, birth weight, age at first feeding, age at discharge feeding, and feedingrelated length of stay between the three groups ( Table 2 ). Probably the most interesting finding was the fact that, for our study population, there was no significant difference in age at discharge feeding between our LRPT subjects and FT subjects. Yet, the time from initial feeding to discharge feeding was significantly greater for LRPT subjects as compared to FT subjects, reinforcing the notion that even in healthy preterm neonates, gestational age may not be the best predictor of readiness to feed or expectations relative to feeding. Moreover, these results reinforce the suggestion that moderate and late preterm neonates may be at higher risk for subtle feeding problems than previously reported, 25, 26 and so warrant more careful observation by feeding specialists and health care teams.
COV measures for HRPT, LRPT, and FT groups for all respective exam times are shown in Fig. 3 . These results suggest that LRPTs have comparable variability in suck amplitudes, frequencies, durations, and smoothness values from the time they begin oral feeding to the time they are discharged from the hospital. Moreover, only smoothness variability at the time they begin oral feeding was statistically distinguishable between our population of LRPT and FT neonates. Findings suggest that the nature of sucking behavior for these two groups is, at least initially, very similar. These findings are in contrast to those of our HRPT subjects. In comparison with full-term babies, HRPT babies actually start out with comparable variability in suck frequencies, durations, and smoothness values from the time they begin oral feeding to the time they are discharged from the hospital. However, at follow-up exams as the HRPT neonates matured, the value for these metrics, with the exception of suck amplitude and duration variability, were statistically different compared with FT at hospital discharge. When comparing our variability measures between HRPT and LRPT neonates, results showed that only the variability of suck duration at discharge feeding was statistically different between these two groups; the LRPT groups had lower variability relative to suck duration as compared with the HRPT group.
To examine changes in variability over time, we conducted within-group comparisons for the HRPT neonates in the study. Variability in amplitude, duration, and frequency decreased significantly from initiation of feeding, to feeding at hospital discharge, and then again, for suck frequency, to postdischarge final feeding. In contrast, variability of smoothness actually increased significantly from the time of the initial exam to the time of the discharge exam. Variability of smoothness of the suck did not change substantially from values obtained at hospital discharge and those collected at the final follow-up exam. What follows is an interpretation of these results in the context of what is known about movement variability in general and the complexity of nutritive sucking.
DISCUSSION
Variability is an intrinsic property of human movement, and it has been suggested that there may be a degree of "healthy" movement variability associated with the optimal state for producing a given movement. 21 In an attempt to capture that optimal state, we collected metrics of movement variability longitudinally for a group of preterm neonates who were determined a priori to be at risk for poor developmental outcomes. The duration, amplitude, and frequency of a suck are fundamental characteristics that newborns must learn to control as they master the complex skill of nutritive sucking. Variations in these suck parameters, as described by COV metrics, may be an indication of a neonate's skill at any point in time. Therefore, the aims of the current study were to (1) compare metrics of sucking performance between preterm neonates and healthy term neonates at initiation of feeding and at discharge and (2) investigate changes in sucking performance longitudinally among preterm neonates at high risk for adverse outcomes from initiation of oral feeding through postdischarge.
Our results indicated that variability in suck duration (COV D ) was a distinguishing feature when comparing inpatient suck performance; values were similar for LRPT and FT subjects as compared with HRPT subjects, suggesting that LRPT and FT subjects had greater control of this suck feature at discharge. At the same time, the mean COV D for our high-risk babies at the final exam indicated advancement to a more stable state, comparable to that of FT neonates, even while all other COV features remained significantly different between the two groups.
Variation in suck duration cannot, however, be contextualized independently from other suck features or from maturation. The noted decrease in COV of suck peak amplitude and trend toward decreasing COV for frequency for the HRPT group and the simultaneous stabilization of COV D (i.e., comparable to FT) at follow-up exams could reflect greater adaptability of the neonate to control sucking characteristics from suck duration to peak amplitude and frequency with experience and maturation. From a dynamical systems perspective, these measures could be a reflection of the newborn's ability to decrease the number of degrees of freedom of one suck characteristic in favor of others in response to a shift in attractor states, resulting from maturity level or underlying pathology. It is hard to know the causative nature of the differences observed across these measures considering that nutritive sucking comes under volitional control during the period covered by the follow-up exam. It should be mentioned that a major limitation in this comparison is that we do not know how these metrics change for FT in response to experience and maturation, because we did not follow them after discharge. However, these results add support to the idea that a decrease in variability over time is consistent with skill acquisition (motor learning) and how human movement in general evolves over time is important and should be explored longitudinally for all of these populations. 21 A surprising finding of this study was the amount and direction of variation in smoothness between HRPT and FT. Mastery of a skill is typically associated with improved smoothness (decrease in value/oscillations) and a concomitant decrease in movement variability. Our results show COV SM increasing for the HRPT group over time. There are two main factors that could influence the suck characteristic of smoothness and thus COV SM for a population: (1) perturbations within a suck indicative of neuromuscular instability or (2) increased oscillations due to the move toward a more complex, coordinated sucking pattern. We think that the latter contributed to the increased amount of COV SM observed for the HRPT group. Theoretically, we would expect variability in smoothness to decrease in response to maturation and skill acquisition. Consistent with Lau, 7 we observed several types of sucking patterns seemingly influenced by maturation. For example, our HRPT neonates started with a "simple" suck pattern during the initial stages of data collection (inpatient) characterized by small peak amplitudes of short duration. We would have expected that by the follow-up exam, HRPT neonates would have progressed to a more complex, coordinated sucking pattern with defined oscillations characterized by larger amplitudes, even shorter durations, and greater frequencies-all of which suggest greater control and coordination of these suck characteristics.
The natural tendency for smoothness values to become larger with an increased amount of oscillations within the suck, coupled with the possibility of the newborn's control pattern switching between simple suck patterns and more coordinated patterns in response to experience and learning, could have led to the increased COV SM values noted for HRPT. To explore this idea, we conducted a post hoc analysis of mean smoothness values, and results supported this notion. Smoothness values for HRPT neonates decreased from initial exam to discharge exam and values at discharge exam remained consistent through to the final exam. However, the final exam values remained substantially less as compared with term babies.
The fact that mean smoothness values at final exam did not increase to the level of term newborns at hospital discharge could be an indication that this group continues to shift between simple and complex sucking patterns even after discharge and that HRPT neonates are challenged in their ability to develop rhythmic, successive sucks across an entire feeding. 27 With more data, we may find that relative smoothness may be indicative of neurologic dysfunction and a response variable similar to that observed by Nieuwenhuis and colleagues, who equated "fidgety" movements to dysfunctional or disorganized sucking patterns using the NOMAS. 28 Finally, the procedures described for collecting these data take into account the suggestions of researchers who have previously reported on neonatal sucking. For example, as suggested by Medoff-Cooper et al, 13 we have collected data beyond the more common single 5-minute sucking test to capture the natural variability in sucking performance as a function of arousal, temperament, and so on. We collected data consecutively for our population of preterm neonates, completing feedings on average once a week from initiation of feeding to discharge for an average of three feedings. As a result, we were able to distinguish the HRPT and the LRPT groups, validating the potential use of the variability as an early marker for newborns at risk for adverse neurodevelopmental outcomes.
LIMITATIONS AND FUTURE DIRECTIONS
Early identification of newborns at risk for adverse neurodevelopmental outcomes is necessary if we are to positively impact the rates of disability and poor neurodevelopmental sequelae in this population.Thisisespeciallythecaseforneonates who survive preterm birth and whose longterm outcomes have remained a challenge despite the significant advances in medicine over the past decade. The noninvasive technology used here to captureandreportsuckingmetricsenablesgreater insight into what researchers have postulated for quite some time: that sucking behavior is a manifestation of the overall integrity of the neuromuscular system in this fragile, developing population. However, given the complexity of feeding and the dynamical systems that may drive sucking skill development, there are important feeding parameters we need to capture and investigate beyond those reported here.
For the current study, we focused solely on capturing nipple movement and COV metrics as descriptors. Capturing additional sucking metrics (e.g., sucks per burst and intersuck interval), feeding parameters (e.g., negative intraoral pressure), and measures influenced by feeding would allow us to use more advanced nonlinear statistical analyses to better estimate the coordinative structure of sucking dynamics. Such an approach might yield additional distinguishing suck characteristics among highrisk population cohorts. Moreover, factors that influence the newborn's feeding environment (e.g., nipple type/flow rate, position during feeding, time of day) were captured but not analyzed in this study. Such information, combined with traditional comorbidity indicators (gestational age, birth weight) and measures of physiologic stability during feeding (i.e., oxygen saturation, respiration rate) will allow us to gain full insight into the overall neonatal feeding construct and the ability of the neonate to adapt to conditions that could vary across feedings.
Simultaneous capture of all of these variables may seem difficult, but in reality, it is not. The technology and algorithms described here easily capture all of the feeding parameters and metrics mentioned. The single limiting factor is simultaneous noninvasive integration of additional physiologic signals into everyday NICU workflow. We believe that technology and the enhancement of predictive algorithms coupled with near real-time statistical modeling techniques are no longer a limiting factor to fully understanding the end effect of the complex dynamical system of feeding. Our methods and results are a critically important addition to the emerging body of evidence that neonatal sucking is a measurable behavior that has the potential to alert us to the risk of poor neurodevelopmental outcomes.
The next important step, which has not yet been reported, is to assess the complex brain network that controls feeding and sucking in neonates via advanced neuroimaging technologies and to correlate deficits in the feeding brain network with early abnormalities identified in patterns of sucking performance during bottlefeeding. Such an approach is a necessary way to provide clear evidence of the association between early abnormalities in feeding performance and underlying brain injury. Combining anatomical or dysfunctional neurologic features with sucking parameters and other physiologic signals will allow us to definitively categorize HRPT newborns and develop predictive algorithms to help guide clinicians in the assessment and treatment of neurologic disorders. 
